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ABSTRACT
Contactless techniques have been developed to
measure the superconducting transition temperature TC and
critical current IC of YBa2Cu3O7,_x, a high temperature
superconductor. All these techniques require a toroidal
sample (i.e. a superconducting ring). The TC and IC at
B=O measurements were done using a small ferrite
transformer with the sample ring taken as a tertiary
winding alongside primary and secondary coils. TC and IC
were found to be 90 K and 54 A•cm-2 respectively for our
samples.
The field dependence of I0 was deduced by measuring
the magnetic field at the centre of the ring as a
function of applied magnetic field. Detailed numerical
analysis on the persistent current induced in the ring
showed that Meissner effect was almost absent in our
sample.
The field distribution across the ring due to
persistent current along the ring and the trapped field
distribution due to intragrain currents were measured.
The results agree with numerical simulation.
Moreover, from observation of decay of persistent
field, the upper limit of the resistivity of our
superconducting ring was set to 4 x 10-16 Q•cm.
1CHAPTER ONE
INTRODUCTION
1.1 THE BREAKTHROUGH OF SUPERCONDUCTIVITY IN 1987
In 1911, Kamerlingh Onnes first discovered that
mercury lost all measurable electrical resistance at
4.15 K (Onnes 1911). Although the discovery appeared to
portend numerous technical applications, it was almost
half a century later that real applications besides basic
research had appeared. In 1961, Kunzler and his coworkers
found that the compound Nb3Sn was able to carry high
current densities in magnetic fields of .100 kG and more
without losses (Kunzler et al. 1961). That discovery
opened up the possibility of creating and maintaining
strong magnetic fields with negligible power input.
However, before 1987, most of those applications were not
economically viable. That was because the superconductors
for commerical usage (niobium alloys) do not reach the
superconducting state unless they are chilled below 23 K,
the critical temperature TC of the superconductor. That
degree of cooling requires the use of liquid helium,
which condenses at 4.2 K. Liquid helium is expensive,
about US$ 11 per gallon in 1987, and is difficult to
handle.
Significant advances had been made by the work of
Bednorz and Muller who reported possible high temperature
superconductivity in the low 30 K range in La-Ba-Cu-O
2compound (Bednorz and Muller 1986). Following their
work, a mixed-phase Y-Ba-Cu-O compound with a
unprecedentedly high TC of 93-K was found (Wu et al.
1987). After that breakthrough, TC was further pushed to
125 K. in Tl2Ba2Ca2Cu3O10 compound in 1988 (Sheng and
Hermann 1988). For such a high TC, liquid nitrogen can be
used as coolant. Liquid nitrogen is easier to handle,
much cheaper (about US$ 22 0 per gallon in 1987) and more
efficient than liquid helium. The advent of
liquid-nitrogen-cooled superconductors can lead to
realization of widespread applications in utilities,
industry, electronics, transportibn, medicine and
research.
1.2 THE NEW SUPERCONDUCTOR Y-Ba-Cu-O SYSTEM (Y123)
The superconducting phase in Y-Ba-Cu-O system is
YBa2Cu3O9_6 (S= 2.1 t 0.05) with TC at about 97 K. It
can be described as an orthorhombic, distorted, oxygen
deficient perovskite. The transport properties of
YBa2Cu3O9_5 (Y123) are controlled almost exclusively by
oxygen deficiency, i.e. dependent on the partial
oxidation of Cu2+ in the lattice. Hence, the quality of
the material depends critically on the synthesis
conditions.
High critical current density is of vital importance
for most applications. The best critical current density
J recently obtained in a partially oriented bulk Y123
C
3superconductor is about 2 x 105 A•cm-2 (Salama et al.
1989). For randomly oriented polycrystalline samples, the
highest low-field critical current density measured at
77 K is only 103 A•cm-2 (Obara et al. 1988). Such a
disappointedly small value excludes all but a very few of
the possible applications. It is now known that this is
not the intrinsic property of the material. A value of
-106 A•cm-2 has been observed in, single crystals or
epitaxial thin films of. Y123 at 4.2 K. The sources of
variation in critical current density will be discussed
Next.
1.3 ORIGINS OF LOW CRITICAL CURRENT IN POLYCRYSTALLINE
Y123
It had been observed that the critical current
density JC in thin films or single crystals of Y123 is
high enough, 106 A•cm-2, for practical use (Oh et al.
1987). But in polycrystalline bulk materials, JC is much
lower, typically 102- 103 A•cm-2 (Obara et al. 1988).
The sources of variation in J are as follows.
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1.3.1 ANISOTROPY OF CRITICAL CURRENT DENSITY
Critical current density is known to be anisotropic
being greater in the a-b planes and smaller in the c-axis
direction. In thin films, a thirty-fold difference in JC
was observed demonstrating the anisotropy (Alford et al.
1988). Therefore crystal alignment is necessary for
4higher J. In bulk materials, J- had been-increased to
7.4 x 103 A.cm-2 by melt textured growth process and 4.2
x 103 A.cm-2 by mechanical aligning method (Waldrop 1987,
Zheng 1988).
1.J. G ruxuil.1.X
Alford and his coworkers examined the relation
between sintered density, oxygen content and critical
current density JC. They showed how Jc was strongly
dependent on both the volume fraction of solid and on the
oxygen stoichiometry, both being strongly influenced by
the ceramic density (Alford et al. 1988).. It was found
that J increased due to the increased connectivity of
the ceramic structure as density increased up to 92% of
Pth (theoretical density). For density above that value,
J suddenly failed. That was associated with decrease in
oxygen content in the material. Hence the problem is to
optimize the solid connectivity and simultaneously
maintain a high oxygen content thereby maximizing J.
1.3.3 WEAK LINK AT GRAIN BOUNDARIES
Another important factor that limits J of the new
C
superconductors is the presence of 'weak links' at grain
boundaries. Elegant experiements on epitaxial thin films
of Y123 showed that although the measured critical
currents within a single grain could be extremely high,
the inclusion of a grain boundary caused JC to drop
5drastically (Chaudhari 1988). Moreover the grain-boundary
J are about three orders of magnitude more
c
field-sensitive than J- within a grain. Fields of only a
few millitesla suffice to suppress the former.
Due to the complex crystal structure of the new
ceramic, there are deviations from stoichiometry on the
grain boundaries, at least at an atomic level. The local
structure at a grain boundary is certainly different from
that in the bulk. A conventional superconductor is
insensitive to these local pertubations because its
superconducting coherence length E is orders of magnitude
greater than the inter-atomic spacings. In contrast, in
the new superconductors, is only slightly larger than
the atomic dimensions, so that the grain boundary region
can interpose a layer, a few nanometres thick, of what is
effectively a non-superconductor. Because of the short
coherence length, this layer forms a weak Josephson
junction at grain boundary and limits the value of Jam.
Deutscher and Muller also proposed the existence of
Josephson junctions at twin boundaries (Deutscher and
Muller 1987). They argued that twin boundaries induce
intragrain Josephson junctions in the new superconductor
as a result of their very short superconducting coherence
length. These junctions form a network that divides
grains into weakly coupled superconducting domains. These
intergrain junctions considerably reduce the average
current density in randomly oriented ceramics.
6Elimination of these twin bounaaries may De a valuaUie
goal towards practical 'application of the new
superconductors.
1.3.4 FLUX PINNING
Flux pinning is vitally important because the
Lorentz force between the transport current and the flux
lines causes the latter to move, unless they are pinned.
General arguments suggest that the short coherence length
leads inevitably to weak pinning and thus low critical
current density.
In any case, if the new materials are to be used at
liquid-nitrogen instead of liquid-helium temperatures,
the 20-fold increase in temperature greatly increases the
thermal activation of flux motion (Palstra 1989). One way
of increasing flux pinning force is the introduction of
defects. Studies of radiation effect on Y123 support this
idea.
1.4 CONTACTLESS MEASUREMENTS OF Tc AND Jc
Almost all potential applications of the high TC
superconductors require-high TC and JC. Conventionally,
4-probe method is used to measure resistance in order to
eliminate contact resistance. It is the simplest and a
straightforward measurement to determine TC or, JC
However there exist several problems in using 4-probe
method. The surface of Y123 sample quickly deteriorates
7when exposed in moisture. The contact problem due to the
existence of an insulating phase on the sample surface
may be the cause of the reported observations of
anomalously high TC events.
In critical current measurement, one needs to pass a
fairly high current to the sample in order to force it to
be in'normal state. If the contact at the current leads
is poorly prepared, it will heat up or even burn out the
sample for such a large current. In practice, a necked or
bridge-shape sample is often used. The required current
is subsequently lower at the expense of weaker mechanical
strength. In any case, people have tried to improve the
contact by using noble metals as the contact substances.
Special processes such as contact annealing have also
been used (Salama 1989).
In this regard, contactless techniques deserve their
novelty and have been highly desirable. Several
contactless methods have been reported for IC and J0
measurements (e.g. Ferguson et al. 1988).. However there
exist problems in these reports.
The aims of this thesis are to remove these problems
and further develop these techniques.
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PREPARATION OF Y123 RINGS
The Y123 rings for our experiments were prepared by
two standard methods: (1) solid state reaction and (2)
co-precipitation.
(1) Solid State Reaction Method
In the solid state reaction method, fine powders
(99.99% pure) of Y2O3, BaCO3 and CuO were carefully
weighed and mixed in the appropriate proportions. The
mixed powders were ground with a mortar and pestle until
a uniform dark grey color appeared. The ground powders
were then placed in an alumina crucible and calcined in
pure oxygen at 950 °C for 5 hours.
The calcined powder was reground until a fine and
uniform powder was obtained. The pulverized powder was
then heated at 950 °C for 5 hours in a furnace with
continuous oxygen flow. Afterwards, the furnace was
cooled slowly to 800 °C at a rate of 20 °C per hour and
then to room temperature-at a rate of 50 °C per hour.
The product was reground and isostatically pressed
at 500 MPa at room temperature to make pellets or rings.
The pellets and rings were sintered in oxygen at 950 °C
for 5 hours and then cooled to room temperature in a
procedure identical to the last step. The solid state
9reaction method is simple but the synthesized samples
might contain traces of other phases such as BaCuO2 and
CuO.
(2) Co-precipitation Method
The co-precipitation method starts with diluted
nitrates which can be mixed thoroughly on the atomic
scale. By adding Na2CO3 into the solution, a uniform
mixture of carbonate powders precipitates out. It has
been reported that with this co-precipitation method,
homogeneous single phase Y123 samples could be
prepared (Holland et al. 1987).
We used high purity powders (99.99%) of Y203, BaCO 3
and CuO again. These powders were weighed in appropriate
proportions and then dissolved in nitric acid. A
precalculated amount of nitric acid and distilled water
was used to ensure the completion of reaction. The
mixture was warmed in order to speed up the reaction.
Nitrates such as Y(N03)3, Ba (N03) 2 and Cu(N03)2 could not
be used directly as starting materials because they are
hydroscopic with unknown water content.
Na2CO3, dissolved in distilled water, was added
slowly to the nitrate solution with a burette. The
nitrate solution was stirred continuously to avoid
clumping. A slight excess of Na2CO3 solution was added to
ensure a complete precipitation. The slow incorporation
of Na2C03 results in a uniform blue precipitate that is
10
free from clumping.
The blue precipitate was filtered out from the final
solution. The obtained gel was then mixed with a large
amount of distilled water and filtered again. This
process was repeated five times to get rid of Na+ ions.
The final sludge was dried overnight at 110 °C and then
heated in alumina crucible at 950 °C for 5 hours. The
subsequent procedure of heat treatment was identical to
the solid state reaction-method.
From critical current experiment, the rings from two
techniques showed no apparent difference. Their critical
currents were approximately equal. However. the rings from
co-precipitation method showed greater stability than the
rings from the solid state reaction. The rings from
co-precipitation method showed no difference even after
many thermal cyclings between 77 K and room temperature.
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CHAPTER THREE
CHARACTERIZATION OF Y123 RING
3.1 CONTACTLESS T MEASUREMENT
C
Harris et al. has developed an induction method to
study electrical properties of high TC superconductors.
The method uses a toroidal specimen (a high TC ring) as a
tertiary winding between primary and secondary coils of a
small ferrite transformer. as shown schematically in Fig.
3.1.1 (Harris et al. 1988). The magnetic flux linkage
between the three windings was concentrated and magnified
in the ferrite core- and the magnetic field inside the
high TC specimen remains at a low value.
Currents induced around the superconductor can be
directly monitored through the inductively coupled
primary and secondary circuits. The relationship of








Fig. 3.1.1 Schematic diagram of small ferrite transformer
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secondary coil is determined as follows (Harris et al.
1988). n1 and n2 are the numbers of turns on primary and
secondary coils respectively. An inductance M is defined
to relate the f lux in the ferrite core, 0C, to the total
current circulating around it,
(3.1.1)
where, i1 is the primary current and i8 is ring current.
The Flux, 08, threading the ring is not equal to 0c as a
C
little flux leaks out in the gap between the core and the
ring:
(3.1.2)
where L= M(1+E) and 0 < E 《 1. 0 can be evaluated for
C
any time, t, from Faraday's law:
constant
where the constant is readily fixed from the condition
that the mean value of 0c must be zero. From equations
3.1.1 and 3.1.2, the current and voltage around the





The value of e is found in the case when the sample is
superconducting, i.e. Vs= 0. Then from equation 3.1.4,
(3.1.5).
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Therefore a small sinusoidal signal can be observed in
the secondary coil. For a sinusoidal primary current
(3.1.6)
Thus V2 is proportional to frequency and is 90o out of
phase with i1.
When i10 is increased beyond a critical value, sharp
blips are seen. in V2 at points where is exceeds the
critical current I. This phenomenon can only be' seen
c
when the sample temperature is lower than TC. This forms
the basic principle of the TC measurement. All we need is
to look for the appearance of such blips as a function of
temperature.
Case (iii) T > T:
C
At temperature above TC, V2 across the secondary
coils depends on the resistance R of the ring sample and
thus offers a direct method of resistance measurement:
R= V s /is. From equations 3.1.3 and 3.1.4, neglecting E,
s
it can be easily shown that
(3.4.7).
The magnitude of wM is found by making measurements at
two widely different frequencies or by measuring V2
without the sample, i.e. R= 00, yielding a value
14
Then equation 3.4.7 reduces to
(3.4.8).
.The inductance of the ferrite transformer core, M is
roughly independent of temperature over the range of
interest (Harris et al. 1988).
3.2 EXPERIMENTAL SETUP
Fig. 3.2.1 illustrates schematically our setup based
on the induction method (Harris et al. 1988): Here
n 1= n2= 50 turns. There are a number of modifications.
First, the whole setup is computer controlled. Secondly,
the primary current, either purely sinusoidal or of any
other form is supplied by a home-made voltage-controlled
current source, particularly designed for the projects in
this thesis (Appendix).
The signal V2 from secondary coil is recorded by a
lock-in amplifier for better sensitivity and monitored by
a digital storage oscilloscope. Both are
computer-controlled. The transformer assembly is mounted
inside a liquid-nitrogen glass dewar. The sample
temperature is monitored with a copper-constantan
thermocouple which is fed into the computer through the


























Fig. 3.2.1 Schematic diagram of experimental setup in
Tc and Ic measurement
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3.3 CRITICAL TEMPERATURE T
C
Fig. 3.3.1 shows the oscillscope traces of secondary
coil signals observed with-sample ring immersed in liquid
nitrogen. The primary current i1o for the curves marked
a, b, and c were 1.35, 1.86 and 3.64 A respectively. For
temperature dependence measurement, the sample was placed
at about 2 cm above the liquid nitrogen level. The.
temperature then increased slowly from 77 K to a
temperature higher than TC. Both temperature and
secondary coil signal V2 were acquired automatically by
the computer through the lock-in amplifier.
Fig. 3.3.2 shows the result of V2 measurement as a
function of temperature. Therefore the critical
temperature TC of our sample was about 90 K. The signal
increased drastically at that temperature, at least two
order of magnitude higher than the background noise.
3.4 CRITICAL CURRENT MEASUREMENT Ic (AT B=O)
C
The critical current Ic can be obtained from Fig.
3.3.1. At the onset of a blip, from equation 3.1.4,
is=Ic= -n i. Assuming a uniform current across the
8 C 1 1
sample, the critical current density is determined to be
54 A.cm-2. This is the Jc value at B=O because most
c
external flux is concentrated in the core.
In the last experiment, a pure ac current was
applied to the primary coil. In order to eliminate the

















c s il = 3.64 A
k: i1 =1.86 A




Fig. 3.3.1 Oscillscope traces of secondary coil signals
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Fig. 3.3.2 Temperature variation of secondary coi]
signals by the induction method
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was studied (Harris et al. 1988b). A dc current was
passed through the primary coil with a small ac current
superimposed on it. Here the ac current was used as a
probe to find the influence of the linearly increasing dc
current (and thus a linear magnetic flux change) on the
sample. The result is shown in fig. 3.4.1 which consists
of three curves. The applied dc current was increased
from zero to a high value (curve marked with "U"),
decrease back to zero •(curve marked with "D") and
increase again (curve marked with "W"). When the current
was increased from first time, a step appeared at about
i1=1.7 A. The step implied that the induced current is in
the superconducting ring reached the critical current IC
of the material. The result was 25% larger than that
obtained from pure ac measurement. When the dc current
was increased from zero in the second time (curve W), the
step was slightly shifted upwards. The critical current
was then about 2 Al 15% larger than the previous result.
This hysteresis effect can be easily explained by
the fact that current in reverse direction is induced
when the sample is ramped along curve "D". However the
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4.1 MAGNETIZATION OF A SUPERCONDUCTING RING
In persistent current experiments, one always works
with a toroidal sample and measures the magnetic field
near the centre of the toroid. We simplify the geometry
by considering a superconducting loop of radius a which
is formed by a wire of radius r (with r a). We also
assume that any induced current is uniformly distributed
in the wire.
If the ring with permeability carries a uniform
current I, the flux which threads the ring is given by
= L.I. The self-inductance of the loop L is
for r a (4.1.1)
where the last term is due to the field in the interier
of the wire (Smythe 1968, p339).
Case (i): Zero field cooling (Bo= 0)- ZFC
The initial flux through the ring is zero. After the
ring is cooled to below TC, an external field Ba is then
applied. Current I is induced in the ring to keep zero,,
total flux. We alreadly showed that the flux due to a
current I is L.I. Therefore,
(4.1.2).
Here we also assume that the induced current I is less
22
than the critical current I at that magnetic field. The
c
total fiol at i-ha rAntrc of the ring in then
(4.1.3).
This shows that unlike a hollow cylinder, the total field
at the ring centre varies linearly with the applied
field. The increase in Bm for Ba BC is not the result
of flux leaking into the centre of the ring. It is
because the field produced by the circumferential current
is nonuniform (Gyorgy et al. 1988).
Case (ii): Nonzero cooling field (B0# 0)- FC
The same argument holds for the case where the ring
is cooled to below T in an external field (B# 0). The
C 0
initial flux is 0= B nat. If the external field is
0
changed to a value Ba, again a current I is induced to
keep the total flux constant. if I I C, then




Case (iii): I I
c
The above analysis assumes I IC. In both cases,
(4.1.5)
where the upper sign is for Bo= 0 and the lower sign is




Therefore the critical current as a function of external
field maybe obtained in these measurements.
Fig 4.1.1 shows both zero field cooled (ZFC) and
field cooled (FC) results of a superconducting ring by
Gyorgy and his coworkers (Gyorgy et al. 1988). The dashed
diagonal line gave BM= Ba, i.e. without the sample ring.
The lines below and above the dashed line were the ZFC
curve and the FC curves respectively.. The break in the
ZFC curve could be explained as the induced current in
the ring reached the critical current IC. As we showed
above, the measured field beyond that value indicated the
dependence of critical current density with magnetic
field.
Gyorgy et al. approximated their toroidal sample by
a wire loop of radius a and wire radius r. The
approximation was good because the cross section of the
ring was of a square shape (the authors did not
explicitly. say so). He calculated the equivalent
inductance of the toroid from eq. 4.1.1,
(4.2.1)
where the permeability of the material p was assumed 'to
be zero. However their calculated slope of the ZFC curve
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Fig. 4.1.1 Field measured in the centre of a 1-cm-diam
ceramic toroid, B , as a function of the applied field B_
m c
at 77 K. The dashed diagonal line gives B =B ,, The lower
rn si
curve is for a zero field cooled sample. For the upper
series of curves the sample was cooled in the field
indicated and then B reduced to zero. The insert shows
a
B at B =0 for various cooling field (Gyorgy et al. 1988).
m a
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experiments with Y123 rings of different dimensions.
4.2 THE EXPERIMENTAL SETUP
4.2.1 THE SETUP
Fig 4.2.1.1 illustrates schematically our setup for
the persistent current experiments. External magnetic
field was generated by Helmholtz coils. The coils were
orientated in such a direction that the Earth magnetic
field was perpendicular to the generated field. Hence the
effect of Earth field could be neglected. The coil
current was supplied by a computer-controlled constant
current source (see Appendix for details).
Magnetic field was measured with a miniature Hall
effect sensor. An electrometer, Keithley 610C, was used
to null the offset voltage of the sensor and amplify the
sensor signal before fed to an ADC (analog-to-digital
convertor). The whole setup was centrally
computer-controlled through a Stanford Research lock-in
amplifier which also provided 4 ADC and 2. DAC. Due to a
small non-linearity of the sensor (to be discusses
below), the main function of the lock-in amplifier wa:
used only for the sensor calibration. The system is quit(
versatile.
The ring sample, cooled in a liquid nitrogen dewar
was mounted at the centre of the Helmholtz coils and thi




















Fig. 4.2.1.1 Schematic diagram of experimental setup in
persistent current experiment
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4.2.2 CALIBRATION OF HALL SENSOR
Since the typical value of magnetic field throughout
the experiment was about 1-10 G. The magnetic field
detector should be a sensitive and accurate one. A low
cost Hall sensor (Honeywell 634SS2) was used. The
sensitivity of the Hall sensor is about 1 mV/G at room
temperature (G=Gauss). Since this sensor is originally
designed to operate at room temperature, it is necessary
to calibrate the sensor and check its linearity and
stability at liquid nitogen temperature.
Fig 4.2.2.1 shows the calibration curves at room
temperature and liquid nitrogen temperature. The range of
magnetic field tested was 500 G. The graph shows that
sensitivity at 77 K was increased but its useful range is
only 150 G. Further investigation was performed
especially at low field. Fig 4.2.2.2 was the calibration
of the sensor for the range of 10 G. By fitting the
calibration curve up to second order, the following was
found,
V= 3.877B+ 0.00261B2+ constant (4.2.2.1)
where B was the applied field in G and V was the sensor
signal obtained in mV. The constant term added in eq.
4.2.2.1 will be discussed later. The sensor can be
treated as linear when the applied field is low. The
above result was confirmed by using an ac magnetic field.
Fig 4.2.2.3 is a plot of ac signal voltage per applied


























Fig. 4.2.2.1 Calibration curves of Hall sensor at room
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Fig. 4.2.2.2 Calibration of Hall sensor at the low field
region
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field. The ratio of the interception and slope of fig
4.2.2.3 was found to be equal to the ratio of the first
and second order term of eq. 4.2.2.1. In addition-it was
found that the sensor ac signal decrease drastically with
increasing freqency. The sensitivity drops to a quarter
of the dc value at frequency about 100 Hz. 'After
adjusting this factor, both ac and dc result were the
same.
Eq. 4.2.2.1 shows that there is always an offset
voltage in the sensor reading. Fig 4.2.2.4 shows the
large offset reading of the sensor in zero magnetic field
which drifts seriously. This causes a great trouble in
measurement. Fortunately, the situation was contained
after thermal cyclings. Fig 4.2.2.5 shows that the
drifting is reduced after the sensor was warmed and
cooled down to 77 K again.
As mentioned before, the order of magnitude of
magnetic field used was about 1 G, and hence the sensor
reading was about 4 mV. However there was always a large
offset voltage about 100 mV. That reduced the sensitivity
of most voltmeter. The problem was solved by using
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Fig. 4.2.2.3 AC calibration curve of Hall sensor which is
a plot of ac signal voltage per applied ac magnetic field
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Fig. 4.2.2.5 Offset reading of Hall sensor at zero
magnetic field after thermal cyclings





























Fig. 4.3.1 and Fig. 4.3.2 show our ZFC and FC
results respectively. The ZFC curves look the same as
fig. 4.1.1 acquired by Bell Labs. However FC curves are
much different from the Bell Labs result. We consider the
straight lines in the ZFC results first. Table 4.3.1.1
lists both Bell Labs' data and our experimental data as
well as theoretical values predicted by various models.
Model one is similar to that used by Bell Labs. The
sample shape is approximated by a current loop with
circular wire cross-section. The wire radius r is chosen
such that it has the same cross-sectional area of the
sample. As shown in Table 4.3.1.1, this model is not good
for all samples. If the relative permeability µ' is
assumed to be one, better results are obtained. This may
imply that magnetic field penetrates into the
superconducting material which is unexpected as perfect
diamagnetism should appear for such a low field (H
Hc1). To confirm that µ'= 1, we measured the
magnetization of a Y123 pellet. As shown in Fig. 4.3.1.1,
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Fig. 4.3.1.1 Magnetization data for a Y123
Table 4.3.1.1 Theoretical and experimental value of B BZ 4
for B B . The experimental value of first row was
cl O
























The discrepancy is greater for our samples when
using model one because the sample cross-section is of
rectangular shape rather than a square. Therefore
equation 4.1.1 must be modified. For this, we need tc
calculate the equivalent inductance. Assume the current
distribution is uniform over the cross-section of the
ring. We can visualize that the ring is composed of man}
infinitesimally thin current loops of the shape af
defined in model one. The mutual inductance of twc
current loops seperated by a distance c as shown in Fig
4.3.1.2 is
and l A 1 1 1 1
where K and E are complete elliptic integals of the firs





Fig. 4.3.1.2 Schematic diagram of two current loop;
seperated by a distance c
For the ring shown in Fig. 4.3.1.3, the inductance i£
then given b;
and (A X 1 o
In the equation, all the quantities are factorized by a , O
i.e. the ratios with a . Using this L in eq. 4.1.5, weO
calculated B B for the field at the centre of the ring
z a
and the results are listed in the fourth column of table
4.3.1.1. A very good agreement with the experiment data
is obtained for Bell Labs' data.
Fig 4.3.1.3 Schematic diagram of a superconducting ring
Due to geometrical limitation, in most persistent
current experiment, only the magnetic field near the
centre of the ring (marked as x in fig 4.3.1.3) is
measured. The magnetic field on the axis of the ring at a
distance H above the centre is
(AT. i
and then
(A 1 i A
We also studied the persistent field distribution (see
chap 5) from which the value of H could be obtained for
each sample. The calculated values using eq. 4.3.1.4 for
our samples are listed in the fifth column of table




Fig 4.3.1.1 shows the magnetization curves of the
superconducting ring cooled to 77 K in zero magnetic
field. The arrows near the curves indicate how the
external field was varied. The central straight line is
B= B, obtained if the sample removed. As discussed in
m a
section 4.1, the break at about 1.4 G in the lower curves
indicates that the induced current in the ring has
exceeded the critical current at that field. Similar
information on the field dependence of Ic can be obtained
from the upper curves. It is interesting to note that the
upper curves look very similar to the FC data of Bell
Labs.
The hysteresis phenomenon of the magnetization
curves is shown explicitly in Fig. 4.3.2.1 obtained by
successively increasing and decreasing the applied
magnetic field Ba several times. At the ends of the loop,
we observed a narrow section of straight lines indicating
that for the rest of the curve, the induced current in
the ring exceeds the critical current. Fig. 4.3.2.2 is a
plot of Bz (i.e. Bm- Ba) vs Ba, acquired f rom Fig.
4.3.2.1. Fig. 4.3.2.3 is the critical current data of
Y123 measured by 4-probe method (Aomine and Tsuru 1987).
Two figures look alike as expected because BZ is




















Fig. 4.3.2.1 Magnetization curves of superconducting ring
cooled to 77 K in zero magnetic field with successively
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Fig. 4.3.2.3 Critical current data of Y123 measured by
4-probe method (Aomine and Tsuru 1987).
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difference that the critical current for increasing
applied magnetic field is higher than that for decreasing
magnetic field in our experiment while the situation is a
reverse for Aomine and Tsuru's result. This discrepancy
cannot be understood yet.
Fig. 4.3.2 shows the FC data which are in sharp
contrast to Bell Labs results. We observed two sections
of straight lines. The initial straight line can be
explained as persistent current is induced for keeping a
constant magnetic flux. The break at the curve is again
due to the limitation of the critical current. However
the second straight line in lower fields is roughly
parallel to the zero magnetization line (i.e. BM= Ba).
In other words, BZ (the field produced by the persistent
current) is independent of B a.
There is another anomaly. Fig. 4.3.2.4 shows (1) FC
data B° (Bm at Ba= 0) for various cooling field B°, (2)
ZFC data B° for various maximum field B from which B
m o a
was ramped down. For comparsion, we also plot in the same
figure BZ vs Ba (obtained from ZFC magnetization data)
which shows the field dependence of Imo. It is interesting
to notice that the Bm° vs Bo curve using ZFC data
resembles Bell Labs result (refer to the inset in Fig.
4.1.1) while the Bm° vs B° curve using FC data resembles
the result of Leiderer and Feile on similar experiment
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Fig. 4.3.2.4 Final trapped field of ZFC and FC data with
various applied magnetic field.
for ZFC
for FC


















Fig. 4.3.2.5 • : Persistent field versus the magnetic
field B applied during cooling of the ring above T . TheO c
departure from the linear increase at small fields
(inset) displays the upper limit for persistent currents
in the ring. : Trapped field near the ring
circumference, after suppressing the supercurrent around
the ring by breaking the sample (Leiderer and Feile
1988) .
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The two anomalies could not be understood yet. We
believe that they are likely due to the magnetic field





Leiderer and Feile have pointed out that all
previous persistent current experiments only demonstrate
some magnetic flux was trapped when a superconducting
ring is cooled to temperature below T in a magnetic
field (Leiderer and Feile 1988). It is not clear whether
the field measured at the centre of the ring is really
due to a macroscopic persistent current around the ring
(case A), or due to the flux trapped at the grain
boundaries in the ring material (case B). Hereafter, case
A is called the persistent field and case B is called the
trapped field. A way to distinguish these two
possibilities is to determine the spatial distribution of
the magnetic field across the ring. Leiderer and Feile
also pointed out that in case A, the field dirtribution
should have a single maximum at the centre of the ring,
while in case B. the field distribution should have two
maxima at the ring perimeter.
The two cases are reproduced in Fig. 5.1.1.
Initially, we suspected that. something wrong in Fig.
5.1.1a because apparently the field near current had to
be higher. Therefore we carried out a series of
calculations. Fig. 5.1.2 gives the definition of the ring
parameters. We considered only the field component along
Fig. 5.1.1 Schematic field distributions of ring samples
cooled in an external field as suggested by Leiderer and
Feile. a) An ideal superconducting ring carrying a
persistent current which encloses the trapped flux, b) A
ring which has only trapped magnetic flux inside the bulk
material. The bottom figures show the corresponding
pick-up signal of magnetic field along the dash lines.
Athe ring axis (Z)
Fig. 5.1.2 Definitions of the ring parameters,
Case (i) : Infinitely thin ring
Fig 5.1.3 show the calculated magnetic field
distribution for a infinitely thin ring at different
height z. The field distribution was calculated by using
the equation (Symthe 1968, p291) :
where
K(m) and E(m) are complete elliptic integals of the first
and second kind; r and z are the cylindical coordinates
in units of a (the radius of the ring) . The number near
each curve represents the value of the height z. From the



































Fig. 5.1.3 Magnetic field distributions for an infinitely
thin ring at different height z.
large if measured at small z
Case (ii) : Flat rin
17-l rr R 1 A clinuc i-Vi o -F-ioIrl rH efri hnti rm for a FT a
ring of different size. They are worked out by the
followina eauation.
where a is the outer radius of the ring and a. is theO 1
ratio of inner radius and outer radius. The current
density is assumed to be uniform over the ring material.
The field in fig 5.1.4 is normalized by the field value
at the ring axis. From the figures, we note that in the
plane close to the ring (z ~ 0.1), there exist a maximum
at r a. and a minimum r a .1 O
Case (iii) : Thick ring
To consider the thickness effect of the rina. a
similar field distribution was obtained by integrating
eq. 5.1.2 once more. The result is shown in fig. 5.1.5.
It is the field distribution near the plane of the ring.
The number near each curve represents the thickness of
the ring in units of the outer radius. It shows that the


































































Fig. 5.1.5 Field distributions with various thickness of

































Fig. 5.1.6 Field distributions at different heights above
the ring
ring is sufficient thick, i.e. d ~ a. Fig. 5.1.6 shows
the field distribution at a different height above the
ring. Similarly the peak may diminish if the field
distrubution is not measured in the plane of the ring.
The size of a ring sample is typically 1 cm o.d. x 0.6 cm
i.d. x 0.2 cm thick. This size of ring corresponds to the
curve marked 0.4 in fig. 5.1.5. The maximum value of
magnetic field only 20% higher than that at the center.
If the distribution is not measured near the plane of the
ring, it will be difficult to observe the peaks.
Therefore the size and the height of measurement are very
t
important if the field distribution is concerned.
It will be shown later that the peak position of the
trapped field is exactly on the ring region (i.e.
a. r a ), not at the inner or outer edges. Moreover1 O
the normalized field distributions for rings of different
sizes were calculated as shown in fig. 5.1.4. It shows
that the two maxima near the inner edge become not so
obvious if the inner radius is decreased. Two different
sizes of Y123 rings had been used to indicate the
importance of chosen size of ring in a persistent current
experiment. Therefore, for most cases, the field
distribution measured near the plane of the ring will
have peaks near the inner edge of the ring. As a result,
case A and case B should have similar field
distributions, not as depicted in Fig. 5.1.1. Care must
be exercised in distinguish them. To check our
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calculations, we measured the field distribution of a
large copper coil of 155 turns which was actually part of
a Helmholtz coil system. The result matched our
calculations qualitatively.
5.2 EXPERIMENTAL SETUP
The setup for the persistent field distribution
experiment is almost identical to that used for
persistent current experiment. The only different is that
the Hall sensor can be moved up and down by means of an
X-Y recorder. See Fig. 5.2.1 for details.
The field distribution is obtained by scanning the
Hall sensor across the sample. The spatial resolution is
roughly 1 mm as the Hall sensor has a sensitive area less
than 1 mm x 1mm.
To distinguish the persistent field distribution and
the trapped field distribution, a thermal switch was
mounted on the ring samples. It is possible to convert
the superconductor from normal state to superconducting
state or vice versa by controlling its temperature around
T with the thermal switch. For our setup, the thermal
switch is a small constantan coil wound around the high
T ring. Once a persistent field is formed on the ring'
C
and recorded, a small portion of the ring is heated up
with the thermal switch, the persistent current in the
ring decays off immediately and the remaining field























Fig. 5.2.1 Schematic diagram of experimental setup used
in magnetic field distribution experiment.
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heater was wound in bifilar manner in order to minimize
its magnetic field.
5.3 RESULTS AND ANALYSIS
The field distribution of Y123 ring was measured in
order to distinguish the persistent field and the trapped
field (Leiderer and Feile 1988). To check our
calculations, two different sizes of rings were used.
Their outer diameter x inner diameter x thickness were 2
cm x 1cm x 1.365 mm and 2 cm x 1 cm x 1.1 mm. Fig. 5.3.1
shows the measured total field distribution for 2cm x 1cm
x 1.365mm ring. Shown also in the figure is the trapped
field which was obtained after thermal switch was
applied. The difference of these two distributions is the
persistent field dirtribution as shown in Fig. 5.3.2. It
is clear that the asymmetry of the total field
distribution is due to the nonuniform trapped field, a
result of the inhomogenity of the sample material. The
theoretical field distribution was calculated assuming
that the critical current density is uniform. The field
obtained was symmetrical and close to the theoretical
one. From the positions of the minimum of the curve, we
can draw a conclusion that the critical current density
at the edge of the ring must be much smaller than the
others. Fig. 5.3.3 is the theoretic curve assuming that
the critical current density at the outer rim of. the


























Fig. 5.3.1 Experimental result of total field
distribution and trapped field distribution in materia]























Fig. 5.3.2 The true persistent field distribution
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Fig. 5.3.3 Both experimental and theoretical curves of
true persistent field distribution in Fig. 5.3.1 assuming
that the current at the outer rim of the ring is much
smaller.
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obtained than the previous one. The reason of smaller
critical current density at the outer edge has not been
understood yet.
Fig. 5.3.4 shows similar result for 2cm x 0.6cm x
1.1mm ring. In this case, the trapped field in the
material is much larger. Fig. 5.3.5 is the net field due
to macroscopic persistent current. This could not be
explained by field distribution of uniform critical
current density. Moreover the value of trapped field at
the centre of the ring showed a negative value as also




























Fig. 5.3.4 Experimental result of total field
distribution and trapped field distribution in material

























Fig. 5.3.5 The true persistent field distribution
obtained from Fig. 5.3.4.
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CHAPTER SIX
DECAY OF PERSISTENT CURRENT
6.1 POSSIBLE DECAY MECHANISMS
6.1.1 THE RESISTANCELESS CIRCUIT
A superconducting ring is a closed circuit with zero
resistance. A supercurrent I is produced either by
thermal switch or by magnetic induction. Consider a ring
which is immersed in a uniform magnetic field Ba. The
area enclosed by the ring is A and an amount of flux =
A•Ba will thread the ring. The induced current I is
governed by
(6.1.1)
where R and L are the total resistance and inductance of
the ring. In a superconducting circuit, R= 0, then
constant (6.1.2)
This means that the total magnetic flux threading the
superconducting ring cannot be changed. If the resistance
cannot be neglected and Ba= 0, we get
(6.1.3)
where I (0) is the initial current of the ring. A similar
relation can be applied to the magnetic field (the
persistent field) produced by this current. By monitoring
the decay of persistent field, we can obtain the time
constant R/L and hence determine the value of R. In
practice, the amount of the decay is too small to
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measure. A value of upper limit of R which depends on the
accuracy of instrument and duration of measurement is
thus obtained.
As is well known, the measurement of the decay of
the average persistent current in a sample is the most
sensitive method to set an upper limit for electrical
resistivity of the materials thought to be
superconductor. In the 1960's, the upper limits of
resistivity of conventional type I and type II
superconductors were set at 3x10-23 Q•cm and 2x10-19 0-cm
respectively (Quinn III and Itiner III 1962, Kim et al.
1962). For the new material Y123, a value 2x 10-18 S2•cm
was obtained (Yeh et al. 1987).
6.1.2 DECAY OF PERSISTENT CURRENT BY RADIATION LOSS
When a current is flowing along a ring, energy is
lost by radiation. This may cause a decay of persistent
current. By Larmor's Formula, the non-relativistic
radiation loss per unit time due to a charge e moving at
velocity v in a circular orbit of radius r is given by-
(in SI unit)P
Consider a conducting ring with current density J and
charge density p0, J= p,v. Then
P
If I and a are the total current and cross-sectional area
of the ring respectively, the total power loss is
where R is defined to be the equivalent resistance of the
ring due to radiation loss.
The equivalent resistivity
then
Therefore the radiation loss should not
affect the persistent current measurements.
6.1.3 DECAY OF PERSISTENT CURRENT BY FLUX CREEPING
In 1952, Abrikosov, using the Ginzburg-landau theory
of superconductivity, conceived a theory explaining the
magnetic properties of type II superconductors. This
theory proposed a structure of the mixed state consisting
of a two dimensional periodic array of vortex lines
(filaments). Schematically, the core of each filament
contains magnetic flux and is surrounded by a vortex of
superconducting electrons.
In the mixed state, there may exist energy
dissipation. The origin of this dissipation is the
Lorentz force between the supercurrent in the
superconductor and the flux threading it. Because of this
force, flux lines tend to move transverse to the current.
If they do move at velocity v, they essentially induce
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an electric field of magnitude E= B x c which is
parallel to J. This. acts like a resistive voltage, and
power is dissipated (Tinkham 1975, p 158).
From the above arguments, a type II superconductor
in mixed state will be unable to sustain a persistent
current unless some mechanism exists which prevents the
Lorentz force from moving the vortices. Such a mechanism
is called a pinning force, since it pins the vortices
to fixed locations in the material. Pinning 'results from
any spatial inhomogeneity of the material. Impurities,
grain boundaries, voids, etc., will act like force
centres against the Lorentz force depicted above. If the
pinning is sufficiently strong, vortex motion can be made
small enough that the superconductor acts very much like
a perfect conductor. However, there will always be
thermally activated flux creep, in which vortices hop
from one pinning site to another, and in some cases this
will occur at a measurable rate. If the pinning is weak
compared to the driving force, the vortices move in a
rather steady motion. This is referred to as flux flow
and usually gives a flow resistance .Rf which is
comparable with Rn, the resistance of the material in the
.normal state.
As first pointed. out by Anderson, at non-zero
temperature flux motion is possible with the help of
thermal activation (Anderson 1962). Because of the strong
coupling between vortices, one thermally activated jump
always involves several vortices simultaneously. Bundles
are assumed to jump as a unit and the jump rate is
presumed to be of the usual forr where O)
is some characteristic frequency of flux-line vibration
and Fq is the activation free energy, or barrier energy,
i.e., the increase in system free energy when the flux
bundle is at the saddle point between two positions where
free energy is at a local minimum. In the absence of any
flux-density gradient, jumps are likely to occur in all
direction and thusno net creep velocity exists (Tinkham
1975, pl75).
If a flux density gradient is now introduced, the
spatial energy dependence is tilted as indicated
schematically in Fig. 6.1.3.1. This makes a jump easier
in the direction of decreasing flux density than in the
opposite direction. Thus, in view of the exponential
dependence of the creep rate on the driving force, we
expect which has the solution B = const -
Bo-ln(t). This logarithmic time dependence is in good
agreement with the observations of initial decay of
persistent current in superconductor (Kim et al. 1962 and
Yeh et al. 1987).
Fig. 6.1.3.1 A schematic mogof flux creep. Flux hops
at a rate proportional to e
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6.2 EXPERIMENTAL OBSERVATION
The persistent current was induced by zero field
cooled process and measured by oscillating the magnetic
field sensor around the ring. The experimental setup was
idential to that used in field distribution measurement.
The oscillating frequency used was 1 Hz, and the signal
was acquired by using lock-in amplifier.
'A slight drop by a few percent of the persistent
field was observed during the first few minutes. This is
likely due to flux creeping. After that, no significant
decay was observed over next two hours. The induced
current was truly persistent during that period. From eq.
6.1.3,
(6.2.1)
where the uncertainty in measuring B(t), the measurement
period t and the inductance of the ring were 5%, 2 hours
and 10-8 H respectively. Hence the upper limit of the
resistivity of the superconducting ring was set to




Contactless techniques were developed to measure the
superconducting transition temperature TC and critical
current IC of YBa2Cu3O?_x superconductor. Both magnetic
induction method and persistent current method have been
tried. For our toroidal samples made by solid state
reaction and co-precipitation method, TC and IC at B=O
were measured to be 90 K and 54 A•cm-2 respectively.
Moreover, from observation of decay of persistent field,
the upper limit of the resistivity of our superconducting
ring was set to 4 x 10-16 Q•cm.
In magnetic induction method, a small ferrite
transformer with the sample ring taken as a tertiary
winding alongside primary and secondary coils was used.
From the pick-up signals in secondary coil, normal state
and superconducting state of a superconductor can be
easily distinguished. Hence TC and JC at B=O can be
easily measured without contact problem.
The field dependence of IC was deduced by measuring
the. persistent field at the centre of the ring as a
function of applied magnetic field. The results of this
magnetization measurement agree with the assumption that
the critical current density is uniformly distributed
over the material. Detailed numerical analysis on the
persistent current induced in the ring showed that
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Meissner effect was almost absent in our sample. This may
indicate that.our sample is porous.
The field distribution across the ring due to
persistent current along the ring and the trapped field
distribution due to intragrain currents were measured.
The persistent field and trapped field was distinguished
by using a thermal switch technique. The results agree
with numerical simulation based on uniform critical
current distribution again.
Several anomalies were observed. The trend of
hysteresis of critical current deduced from the
magnetization curves was different.. from the usual
critical current data obtained by 4-probe method.
The discrepancy of ZFC and FC residual fields Bm°
cannot be understood yet. However our ZFC data agree with
the Bell Labs' results and FC data agree with Leiderer's
results. From their papers, the critical current
densities of Bell Labs' sample and Leiderer's sample were
150 and 50 A•cm-2 respectively. This may imply that such
discrepancy' is highly related to the critical current
density or strength of grain-to-grain coupling. In
addition, from persistent field distribution measurement
and Leiderer's argument, trapped field may also be the
cause of these discrepancies.
Therefore, the correlations between microstructure,
critical current density, trapped field, and persistent
field need further investigation.
APPENDIX








a, b and c are
MJ4502voltage signal from


















Circuit Diagram of Voltage-controlled Constant Current
Source
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